In vitro measurements of metabolism were made in subcutaneous and perirenal adipose tissue (AT) and liver from prenatally androgenized ewe lambs (TE), control ewe lambs (CE ), and control wether lambs ( C W). In adipose tissue slices, release of glycerol or fatty acids into the medium was not different among treatments, but glycerol release was greater ( P < .O 1) from subcutaneous AT than from perirenal AT. Basal fatty acid release and the free fatty acid pool were greater ( P < .05) for perirenal AT than for subcutaneous AT; fatty acid release and the fatty acid response (increased NEFA in media and tissue) were increased more by lipolytic stimuli in subcutaneous AT than in perirenal AT. Adipose tissue from CW had the greatest ( P < .05) fatty acid response under conditions of near-maximal stimulation; rates from TE were intermediate to those from CW and CE. Incorporation of glucose into fatty acids and glycerol in subcutaneous AT was lowest ( P < .05) for TE. Oxidation of glucose and acetate to C 0 2 and incorporation of acetate into fatty acids or glycerol in subcutaneous AT, glucose and acetate metabolism in perirenal AT, and cellularity measurements for both AT did not differ among treatments. In liver slices, oxidation of [l-14C]propionate to C 0 2 was greater ( P < .05) for CE than for TE or CW, and gluconeogenic capacity from [l-14C]propionate tended to be greater ( P < .lo) for CE than for TE. Glucose and C 0 2 production from [2-14Clpropionate, [U-l4C1alanine, or [U-14Clglycerol and total and peroxisomal first cycle of @-oxidation of [l-14C]palmitate were not altered by prenatal androgenization or sex. There were no effects ( P > . l ) of prenatal exposure t o testosterone on mitochondrial protein content of liver, rates of mitochondrial state 3 or state 4 respiration, the ratio of ADP:oxygen in the presence of respiratory substrates, or hepatic contents of lipid, triglyceride, or glycogen. Protein content of liver was greater ( P < .05) for CW than for CE; TE were intermediate. Collectively, there were minimal modifications of in vitro metabolism in AT or liver attributable to prenatal androgenization or sex that would directly influence ADG and carcass composition.
ABSTRACT:
In vitro measurements of metabolism were made in subcutaneous and perirenal adipose tissue (AT) and liver from prenatally androgenized ewe lambs (TE), control ewe lambs (CE ), and control wether lambs ( C W). In adipose tissue slices, release of glycerol or fatty acids into the medium was not different among treatments, but glycerol release was greater ( P < .O 1) from subcutaneous AT than from perirenal AT. Basal fatty acid release and the free fatty acid pool were greater ( P < .05) for perirenal AT than for subcutaneous AT; fatty acid release and the fatty acid response (increased NEFA in media and tissue) were increased more by lipolytic stimuli in subcutaneous AT than in perirenal AT. Adipose tissue from CW had the greatest ( P < .05) fatty acid response under conditions of near-maximal stimulation; rates from TE were intermediate to those from CW and CE. Incorporation of glucose into fatty acids and glycerol in subcutaneous AT was lowest ( P < .05) for TE. Oxidation of glucose and acetate to C 0 2 and incorporation of acetate into fatty acids or glycerol in subcutaneous AT, glucose and acetate metabolism in perirenal AT, and cellularity measurements for both AT did not differ among treatments. In liver slices, oxidation of [l-14C] propionate to C 0 2 was greater ( P < .05) for CE than for TE or CW, and gluconeogenic capacity from [l-14C] propionate tended to be greater ( P < .lo) for CE than for TE. Glucose and C 0 2 production from [2-14Clpropionate, [U-l4C1alanine, or [U-14Clglycerol and total and peroxisomal first cycle of @-oxidation of [l-14C]palmitate were not altered by prenatal androgenization or sex. There were no effects
Introduction
Fat deposition occurs earlier and faster in female lambs than in ram or wether lambs (Shelton and Carpenter, 1972) . Excessive fat deposits in ewe lambs decrease efficiency of meat production and retail carcass value (Carpenter et al., 1964) . Prenatal androgenization decreased subcutaneous and internal J . Anim. Sci. 1995 Sci. . 73:1701 Sci. -1712 fat of ewe lambs (DeHaan et al., 19871 , resulting in carcasses more similar to those of wether or ram lambs, but the mechanisms for this response remain unclear. Fat accretion depends on the balance between rates of lipolysis and lipogenesis in adipose tissue (AT); alterations of either or both of these rates by prenatal androgenization could produce lambs with leaner carcasses.
Prenatally androgenized ewe lambs had enlarged livers (DeHaan et al., 1987; Jenkins et al., 1988) , which might contribute t o the altered growth patterns of these animals because of the extensive metabolic activity in liver. The ruminant liver is a primary site of gluconeogenesis from propionate, amino acids, and glycerol (Leng, 1970) and a major site of mitochondrial and peroxisomal 0-oxidation of long-chain fatty acids (Grum et al., 1994) . Rats treated with dehydroepiandrosterone ( DHEA; a steroid precursor) showed hepatocyte hypertrophy, peroxisomal proliferation, and altered mitochondrial ultrastructure (Bellei et al., 1992) . Female goats injected with testosterone had mitochondrial respiration rates similar to those of male goats (Brown et al., 1988) .
Whether prenatal exposure to testosterone might result in similar effects in sheep is not known.
To identify mechanisms for increased ADG (DeHaan et al., 1987; Hansen et al., 1995) and decreased fat deposition (DeHaan et al., 1987) in prenatally androgenized lambs, our objectives were to characterize the effects of prenatal androgen exposure on basal and catecholamine-stimulated rates of lipolysis, incorporation of glucose and acetate into lipids, and size and number of adipocytes in subcutaneous and perirenal AT and rates of gluconeogenesis, mitochondrial and peroxisomal first cycle of P-oxidation, and mitochondrial respiration in liver.
Materials and Methods

Lambs
All procedures were conducted under protocols approved by the University of Illinois Laboratory Animal Care Advisory Committee. Lambs from the growth trial described by Hansen et al. (1995) were used for the study of metabolism in AT and liver. Pregnant Suffolk ewes were implanted with testosterone propionate between d 40 and 70 of gestation. Prenatally androgenized ewe lambs ( TE), control ewe lambs ( C E ) , and control wether lambs (CW) were blocked according to weight at the beginning of the feeding trial. Lambs ( n = 7 per group) were slaughtered by block when the heaviest lamb in each block reached approximately 55 kg. Lambs were allowed ad libitum access to feed before slaughter to minimize effects of lipolytic stimuli that might occur after feed withdrawal. Because of the large number of in vitro measurements made, only one of the three lambs of each block was slaughtered per day. Prenatal androgenization increased ADG by 13% without affecting carcass composition, but liver weights tended t o be greater than those from CE (Hansen et al., 1995) .
Adipose Tissue Sampling and Assays
Sample Collection and Preparation. Subcutaneous AT was collected from the area over the shoulder and internal AT was obtained from the perirenal depot. Tissues were obtained within 5 min postmortem and placed immediately into bottles containing KrebsHenseleit bicarbonate buffer ( K B ; 118 mM NaC1, 4.7 mM KCl, 1.25 mM CaC12, 1.19 mA4 KH2PO4, 1.16 mM MgS04, and 25 mA4 NaHC03) supplemented with 10 mM HEPES (KB/HEPES) and maintained at 38°C and pH 7.4. Bottles were placed into an insulated bottle containing water at 38°C for transportation to the laboratory.
ET AL.
Slices of AT weighing approximately 35 mg and approximately 250 pm thick were prepared with a hand microtome constructed to the specifications of Faulhaber et al. ( 1972) . Slices were prepared, blotted, and weighed under a heat lamp positioned to maintain the ambient temperature of the work area at approximately 38°C. Slices were prepared and loaded into flasks within 1 h after slaughter. Lipolysis. The method of McNamara and Hillers (1986) was adapted for measuring lipolysis in AT. Approximately 70 mg of tissue slices was added to flasks containing 2.0 mL of KBBEPES buffer with 3% (wt/vol) BSA ( KBLHEPESBSA); flasks were preincubated for 20 min in a shaking water bath at 38°C to stabilize the rate of lipolysis. After the preincubation period, the medium was aspirated and replaced with fresh medium, which contained lipolytic stimulators (i.e., effectors) when appropriate. (Iliou and Demarne, 1987) . Flasks were gassed with 02:COz (95:5) and incubated an additional 2 h, then placed on ice t o stop metabolic activity. Tissue from triplicate flasks was pooled and frozen ( -2O"C), and the medium from each flask was frozen individually (-20°C) until it was assayed for contents of glycerol and NEFA. Tissue and media NEFA were extracted and quantified by microtitration according to the method of Kelley ( 1965) . Concentrations of glycerol in media were determined enzymatically as described by Eggstein and Kuhlmann (1974) .
Lipogenesis. For measurement of lipogenic capacity, approximately 100 mg of tissue slices from subcutaneous or perirenal AT was placed into 25-mL Erlenmeyer flasks containing 3 mL of incubation buffer (McNamara and Hillers, 1986) with 3% (wt/vol) BSA at pH 7.4. The medium also contained 5 mM glucose, 10 mM sodium acetate, .3 IU bovine insulin (Sigma Chemical), and either 3 pCi of D-[U-14Clglucose (New England Nuclear, Boston, MA) or 1.5 pCi of Na- [ll4C1acetate (Research Products International, Mount Prospect, IL) . These concentrations of substrates and insulin yielded maximal lipogenic rates. Each tissue type and radiotracer combination was incubated in triplicate.
Radiolabeled C02 was collected and quantified by liquid scintillation spectrometry (Beckman Model LS 6000 IC, Beckman Instruments, Fullerton, CA) as described previously (Cremin et al., 1994) . Lipids in the tissue and medium were extracted according to Bligh and Dyer (1959) and washed as described by Folch et al. (1957) . The resulting extracts were dried under moving air and dissolved in 10 mL of chloroform, and radioactivity in glycerol and fatty acids was determined as described by Baldner et al. (1985) .
Adipose Tissue Cellularity. On the day of slaughter, 10-g samples of AT from subcutaneous and perirenal sites were blotted and frozen until examined for cellularity characteristics. Tissue was examined microscopically according to the frozen-cut method described by Sjostrom et al. (1971) .
Mean cell diameter and number of adipocytes per gram of tissue were calculated from 300 adipocytes per sample.
Liver Sampling and Assays
Gluconeogenesis. The liver of each lamb was obtained and weighed within 5 min postmortem. A portion of the liver was placed immediately into icecold phosphate-buffered (.015 W .9% ( w t h o l ) NaCl at pH 7.4. Rates of gluconeogenesis from propionate, alanine, and glycerol were determined as described previously (Cremin et al., 1994) . Liver slices approximately 100 pm thick and weighing 20 to 40 mg were prepared with a Krumdieck tissue slicer ( K and Gluconeogenesis from propionate was measured in flasks containing 3 mL of KB and 10 mM sodium propionate. For the first four complete blocks (i.e., 12 sheep), 1 pCi of Na-[2-14Clpropionate (ICN Radiochemicals) per flask was used as the tracer, whereas blocks five through seven (nine sheep) used 1 pCi of Na-[l-14Clpropionate (Amersham International) per flask as the tracer. Radiolabeled C02 and glucose were quantified by liquid scintillation as described previously (Cremin et al., 1994) .
Glucose derived from propionate was isolated by anion-cation exchange chromatography using the three-column procedure described by Mills et al. (1981) . The five-column procedure (Mills et al., 1981) was used for isolating glucose originating from alanine. Glucose originating from glycerol was isolated by pouring the sample through a hydrogen-charged resin in tandem with a borate-charged resin (Mills et al., 1981) . The borate column was washed twice with 5-mL aliquots of 20 mM sodium tetraborate and the eluent was discarded. The glucose bound to the boratecharged resin was eluted with one 3-mL and one 5-mL aliquot of 1 N acetic acid (Terrettaz and Jeanrenaud, 1990) . The resulting eluent containing the isolated glucose was treated as described by Mills et al. (198 1) . All flask treatments were incubated in triplicate and metabolic rates were calculated on a tissue wet-weight basis.
P-Oxidation of Fatty Acids.
Hepatic total and peroxisomal fatty acid oxidation were measured in liver homogenates as described previously (Grum et al., 19941 , based on the methodology of Veerkamp and van Moerkerk ( 1986) . Aliquots of homogenate were incubated in medium containing 1 mM Na-palmitate plus 1.35 pCi of Na-[l-14Clpalmitate (ICN Radiochemicals) complexed with BSA in a molar ratio of 5:l. To measure peroxisomal @-oxidation, flasks also contained 50 p M antimycin A and 10 p M rotenone to inhibit mitochondrial @-oxidation. Accumulation of radiolabel from [l-14C]palmitate in acid-soluble metabolites and 14C02 was measured by liquid scintillation as described by Grum et al. (1994) .
Mitochondrial Respiration. At slaughter, a portion of the liver was placed in ice-cold isolation buffer (Mersmann et al., 1972) at pH 7.2. Liver tissue was homogenized in isolation buffer with a hand-held tissue grinder and a mitochondrial fraction was prepared according to procedures described by Mersmann et al. ( 1972) . All procedures were conducted a t 4°C. The protein concentration of the resultant mitochondrial suspension was determined by the method of Lowry et al. (1951) .
Mitochondrial respiration was measured in respiratory medium (Aprille and Asimakis, 1980 ) with a YSI Model 5300 Biological Oxygen
Monitor and 5331 Standard Oxygen Probe (Yellow Springs Instrument, Yellow Springs, OH). Oxygen uptake was monitored with a 2-channel chart recorder (LKB Produkter, Bromma, Sweden). Final concentrations of respiratory substrates included 5 mM pyruvate plus 5 mM malate, 5 mM glutamate plus 5 mM malate, or 10 mM succinate. State 4 rate of 0 2 uptake by mitochondria was measured in 2.6 mL of respiratory medium, 100 pL of substrate, 100 pL of 27% (wt/vol) BSA, and 100 pL of mitochondrial suspension ( 4 to 5 mg of mitochondrial proteirdml of buffer). Twenty-five microliters of 90 p M ADP was added to the reaction mixture to quantify state 3 rate of 0 2 consumption. Mitochondrial respiratory measurements were performed in triplicate for each substrate. Respiratory control ratio ( RCR) and ADP:O ratio were calculated as described by Estabrook ( 1967 j . Liver Composition. On the day of slaughter, 10 g of liver was frozen ( -20°C) until analyses for contents of total lipid, triglyceride, glycogen, and total protein. Liver total lipid content was determined gravimetrically after ch1oroform:methanol (2: 1, vol/vol j extraction (Folch et al., 1957) . Triglyceride concentration was assayed according to the method of Foster and Dunn ( 1973 1. Hepatic glycogen was determined as described by Lo et al. (1970) , and the method of Lowry et al. ( 195 1) was used to assay total protein concentration.
Statistical Analyses
Data for lipogenesis, AT cellularity, liver composition, and rates of liver metabolism were analyzed by ANOVA for a randomized complete block design.
Lipolytic data were analyzed as a split (i.e., tissue site) -split (i.e., effector type) -plot design; the main effect of treatment was tested using the treatment x block mean square as the error term. Tissue site and the site x treatment interaction were tested by using the site x treatment x block mean square as the error term. The residual mean square was used as the error term t o test flask treatment (effector) effects and appropriate interactions. The design for glucose and C02 derived from Na-[l-14Clpropionate contained three complete blocks and the analysis for Na42-14C]propionate as a tracer contained four complete blocks. All statistical calculations were performed using the GLM procedures of SAS ( 1985 1. Means were separated by using the protected least significant difference. Significance was P < .05; comparisons with P < .l0 were discussed as tendencies.
Results and Discussion
Adipose Tissue Metabolism
Lipolysis. Glycerol release from subcutaneous and perirenal AT into the media, representing complete hydrolysis of triglycerides, is presented in Table 1 . Rates of glycerol release were not affected ( P = .78) by treatment but were greater in subcutaneous AT than in perirenal AT. A tendency ( P = .l41 for a treatment x site interaction was detected;
for CE, rates of glycerol release were similar for subcutaneous and perirenal AT (163.4 and 138.6 nmol.2 h-I/100 mg of Table 1 . Glycerol release from subcutaneous and perirenal adipose tissue slices from lambsa tissue), whereas for TE and CW, rates for subcutaneous AT were more than twofold greater ( P < .001) than those for perirenal AT (196.8 vs 97.2 and 180.0 vs 74.8, for TE and CW, respectively) . Rates of glycerol release were increased by ETAD in subcutaneous AT, but not in perirenal AT (effector x site interaction, P < .001). The enhanced lipolytic stimulation of subcutaneous AT in the presence of ETAD presumably occurred from the addition of theophylline and adenosine deaminase, which inhibited phosphodiesterase and accumulation of adenosine, respectively, and thereby allowed a greater glycerol release.
Incubation of subcutaneous AT with E or NE did not affect glycerol release, but these catecholamines decreased glycerol release in perirenal AT (effector x site interaction, P < .001). Etherton et al. (1977) reported that in vitro glycerol release from subcutaneous AT doubled in the presence of a catecholamine; such an effect of E or NE was not observed in our study. Previous studies also have reported catecholamine-stimulated increases of glycerol release from perirenal AT of lambs (Etherton et al., 1977; Duquette et al., 1984) . Partial hydrolysis of triglyceride may have been increased by E or NE stimulation of AT because the concentration of NEFA in media tended to increase (Table 2) .
Subcutaneous AT glycerol release seemed t o be more sensitive to catecholamine stimulation than that from perirenal AT.
Fatty acid release into the media ( .78; site, P < ,001; site x treatment, P = .14; effector, P c ,001; effector x treatment, P = .67; effector x site, P < .OOl; effector x site x treatment, P = .73. bTE = treatment ewe lambs; CE = control ewe lambs; CW = control wether lambs.
' B = basal; E = epinephrine; ETAD = epinephrine plus theophylline plus adenosine deaminase; NE = norepinephrine.
d,e,fFor effector x site interaction, means (not shown) lacking a common superscript letter differ ( P < .05). 338 aProbabilities of greater F for effects in model: treatment, P = .91; site, P = .95; site x treatment, P = .38; effector, P c .001; effector x treatment, P = .20; effector x site, P < .001; effector x site x treatment, P = .91. bTE = treatment ewe lambs; CE = control ewe lambs; CW = control wether lambs. CB = basal; E = epinephrine; ETAD = epinephrine plus theophylline plus adenosine deaminase; NE = norepinephrine.
d,e,f,g,hJFor effector x site interaction, means (not shown) lacking a common superscript letter differ ( P < .05). greater ( P < .05) from perirenal AT than from subcutaneous AT. In subcutaneous AT, ETAD caused the greatest fatty acid release, followed by NE and E. In perirenal AT, fatty acid release was increased by ETAD and NE, but not E; in agreement with results for glycerol release, the catecholamines caused less stimulation of fatty acid release in perirenal AT than in subcutaneous AT. These results are in agreement with the increased fatty acid release observed when subcutaneous and perirenal AT from market ewe lambs were stimulated with E or E plus theophylline (Etherton et al., 1977) . The content of NEFA in subcutaneous and perirenal AT, referred t o as the fatty acid pool, is presented in Table 3 . The fatty acid pool was greater ( P .O 1) in perirenal AT than in subcutaneous AT but did not differ ( P = .l71 among treatments. The fatty acid pool was increased ( P < .05) by ETAD or E, but not NE.
Increases of the fatty acid pool in subcutaneous or perirenal AT indicate an activated lipolytic response in the presence of E. The fatty acid response, defined as the sum of the fatty acid pool plus fatty acid release when stimulated by an effector minus the sum of the fatty acid pool plus fatty acid release under basal conditions, is presented in Table 4 . The fatty acid response was not different ( P = .62) when averaged across treatments but was greater ( P < .O 1) for subcutaneous than for perirenal AT. The interaction of effector x site was significant; the fatty acid response was greatest in both tissues in the presence of ETAD, but the relative increase was less in perirenal AT. Incubation with NE caused a greater fatty acid response in subcutaneous than in perirenal AT. Perirenal aProbabilities of greater F for effects in model: treatment, P = .17; site, P = ,002; site x treatment, P = .47; effector, P < .001; effector x treatment, P = .24; effector x site, P .18; effector x site x treatment, P = .49. bTE = treatment ewe lambs; CE = control ewe lambs; CW = control wether lambs.
'B = basal; E = epinephrine; ETAD = epinephrine plus theophylline plus adenosine deaminase; NE = norepinephrine.
dMeans by effector type: B = 207f; E = 236e; ETAD = 264d; NE = 213ef (means lacking a common superscript letter differ, P < .05). Probabilities of greater F for effects in model: treatment, P = .62; site, P = .004; site x treatment, P = .43; effector, P < .001; effector x treatment, P = ,052; effector x site, P = .004; effector x site x treatment, P = .86. CTE = treatment ewe lambs; CE = control ewe lambs; CW = control wether lambs. dE = epinephrine; ETAD = epinephrine plus theophylline plus adenosine deaminase; NE = norepinephrine.
e,f,gFor effector x site interaction, means (not shown) lacking a common superscript letter differ ( P < .05).
For the fatty acid response, the interaction of effector x treatment approached significance ( P = .052). The fatty acid response to ETAD was greater ( P < .05) for CW than for TE and CE (461 vs 328 and 280 nEq.2 h-l/lOO mg of tissue, respectively); means for TE and CE did not differ ( P = .40). The greater response to ETAD for CW resulted from the combination of nonsignificantly increased fatty acid release from adipocytes and nonsignificantly increased fatty acid pool remaining in the tissue. Whether the greater near-maximal fatty acid response for CW could contribute to decreased carcass fat deposition is unknown.
Coupled with the 45% greater (although nonsignificant) fatty acid response t o ETAD for TE than CE, the greater fatty acid response observed for CW suggests that the presence of testosterone during fetal development of AT may affect maximal lipolytic capacity expressed at maturity. Testosterone and growth hormone increased the number of 0-adrenergic receptors in cultured rat (Xu et al., 1990) and ovine (Watt et al., 1991) adipocytes, respectively. The effects of prenatal exposure to testosterone in lambs on the number of &adrenergic receptors in sheep adipose tissue are unknown. The hypothesis that maximal lipolytic response could be determined during fetal sexual differentiation remains to be tested directly. The ratio of the sum of the fatty acid pool and fatty acid re1ease:glycerol release was not different ( P = .92) among treatment groups but was greater ( P < .01) in perirenal than in subcutaneous AT (data not tabulated). Across treatments and tissue sites, incubation with E caused an increase ( P < . 0 5 ) in the ratio, indicating stimulation of partial triglyceride hydrolysis; this increase was particularly large in perirenal AT from TE and CW (11.3 and 14.5, respectively, vs 5.8 for CE; SEM = 3.3). Incubation with NE also tended to increase the ratio of total fatty acid to glycerol release, but incubation with ETAD had no effect; these findings indicate that lipolysis under conditions of near-maximal stimulation was essentially complete. Etherton et al. ( 197 7) observed an average ratio of fatty acid re1ease:glycerol release of less than 2:l for subcutaneous and perirenal AT, but they made no measurement of fatty acid pool, which could have increased the ratio. Overall, sex or prenatal androgenization caused few differences of in vitro lipolytic capacity, although responses of TE generally were more similar to those of CW than CE. The small differences of in vitro lipolytic capacity may be consistent with the lack of differences among groups for subcutaneous or internal fat measurements in these lambs (Hansen et al., 1995) . Lipolysis measurements also fail to explain the decreased concentrations of NEFA and glycerol in plasma after feeding in TE and CW, but not in CE (Hansen et al., 1995) .
Lipogenesis. Oxidation of glucose to C 0 2 in subcutaneous AT was not different among treatment groups (Table 51 , although mean glucose oxidation was 22.5% lower for TE than for CE.
Rates of conversion of glucose t o fatty acid and glycerol were lowest for TE and highest for CE ( P < .OS>. Acetate metabolism was not affected by gender or prenatal testosterone treatment. Typically, acetate is the major carbon source for fatty acid synthesis in lambs (Hanson and Ballard, 1967; Ingle et al., 1972b) , but glucose was incorporated into fatty acids a t a substantial rate in AT from CE. Fatty acid synthesis from glucose in sheep is limited by minimal activity of the citrate cleavage pathway; however, increasing glucose availability increases the conversion of glucose to fatty acid (Ballard et al., 1972) .
The concentration of glucose in plasma was more sensitive to withholding of feed during the finishing phase for CE than for TE or CW (Hansen et al., 19951 , suggesting a sex-related difference in regulation of glucose concentration in blood. In addition, Sidhu et al. (1973) reported that glyceride synthesis was greater in ewes than in rams; wethers were intermediate. The enhancement of capacities for utilization of glucose as a precursor of fatty acids and glycerol in CE could contribute to their propensity to deposit more lipid in AT than CW (DeHaan et al., 1987) . Conversely, the decreased capacity for incorporation of glucose into lipids in TE may contribute t o decreased subcutaneous fat and leaner carcasses.
Decreased capacity for glucose utilization in subcutaneous AT of TE occurred despite the doubling of insulin concentration in plasma of TE compared with CE (Hansen et al., 1995) . In ovine AT, insulin is known to increase uptake of glucose (Vernon and Finley, 1988) , oxidation of glucose to C 0 2 and incorporation of glucose into lipid (Mears and Mendel, 19741 , and fatty acid synthesis from acetate (Vernon and Finley, 1988) . McCann and Reimers (1985) observed greater concentrations of insulin in serum of obese heifers than in serum of lean heifers and a diminished response of glucose in serum to the administration of exogenous insulin in the obese animals. Whether prolonged exposure of AT in TE to high concentrations of insulin (DeHaan et al., 1990; Hansen et al., 1995) might down-regulate the AT capacity for lipid synthesis from glucose in a similar manner is not known.
Average plasma glucose concentrations were similar among treatments despite greatly increased insulin in TE and CW compared with CE (Hansen et al., aTE = treatment ewe lambs; CE = control ewe lambs; CW = control wether lambs. bConversion of 5 mM L-alanine, 5 mM glycerol, or 10 mM Na-propionate to C02 and glucose.
'PdMeans within a row lacking a common superscript letter differ ( P < ,051. e,fMeans within a row lacking a common superscript letter differ ( P ,101.
1995). Coupled with the observations of decreased glucose utilization by subcutaneous AT in the present study, these results suggest that insulin insensitivity in AT may be a sexually differentiated response to prenatal exposure to androgens. The mechanism of this effect may be similar to the antagonistic action that growth hormone exerts on insulin-stimulated lipogenesis in AT of sheep (Vernon, 1982; Vernon and Finley, 1988) and cattle (Etherton et al., 1987) . Although the growth hormone secretory profile was not altered by prenatal androgenization of sheep, Klindt et al. ( 1987) speculated that the increases of lean muscle growth associated with prenatal testosterone exposure are related to a change in sensitivity to growth hormone at the tissue level. Incorporation of glucose or acetate into COz, fatty acid, or glycerol in perirenal AT was not altered by sex or prenatal androgenization ( Table 5 ) . With the exception of the oxidation of glucose t o C 0 2 , metabolic activity of perirenal AT was minimal for all treatment groups. Lipogenic activity in perirenal AT of sheep decreases with maturity (Ingle et al., 1972a) ; thus, the low lipogenic activity of perirenal AT could be attributable to the stage of maturity of the sheep. Alternatively, difficulties in handling the tissue because of temperature sensitivity and fragility may have resulted in lower lipogenic rates; however, the substantial rates of glucose oxidation indicate that the tissue was metabolically viable. Because perirenal AT development in the fetal lamb precedes subcutaneous AT development by approximately 2 wk (Alexander, 19781 , the timing of testosterone exposure may have differential effects on subsequent metabolic activities in subcutaneous vs perirenal AT.
Cellularity. Mean cell diameter and number of adipocytes per gram of wet tissue were not different among treatment groups. The mean cell diameters for subcutaneous AT were 98.1, 103.1, and 101.9 pm for TE, CE, and CW, respectively. The observations for the number of adipocytes per gram of tissue (2.11, 1.70, and 1.88 milliodg of tissue for TE, CE, and CW) are similar to those reported by Haugebak et al. ( 1974) for finishing market lambs fed for ad libitum intake. Mean cell diameters for perirenal AT were 93.5, 88.4, and 94.9 pm for TE, CE, and CW, respectively; the number of adipocytes was 2.67, 2.06, and 2.31 milliodg of tissue. The apparent insulin insensitivity of CE and CW evidently was not associated with a larger adipocyte size. Adipocyte hyperplasia is a determinant of the potential size of a fat depot, and adipocyte hypertrophy seems to be the major factor affecting amount of fat deposition . Prenatal exposure to testosterone did not alter AT cellularity of the finished ewe lambs, but it is possible that less adipocyte hyperplasia occurred, which would decrease the potential size of AT depots.
Liver Metabolism
Gluconeogenesis. Rates of conversion of alanine, glycerol, and propionate to glucose and C02 are presented in Table 6 . The conversions of alanine or glycerol to C 0 2 and glucose were not affected by sex or prenatal androgenization. Amino acid utilization by hepatic tissue depends on the availability to and extraction by the liver. The ADG was greater for TE than for CE, but feed efficiency was unchanged (Hansen et al., 1995) ; changes in amino acid supply and utilization likely were small and did not result in changes in hepatic capacity for metabolism of alanine. The substantial rates of oxidation of alanine to CO2 suggest that this amino acid could be an important energy source for hepatic tissue, although measurements of alanine oxidation would need to be made in the presence of other hepatic fuels to make this conclusion.
Glycerol oxidation to C02 and conversion to glucose increases during fasting in sheep (Bergman et al., 1968) . In our study, average concentrations of glycerol in plasma did not differ among treatment groups, but the increased glycerol concentrations for TE and CW during the pre-feeding state (Hansen et al., 1995) were not accompanied by changes of capacity for the conversion of glycerol to glucose or C02.
The use of Na-[l-14C]propionate demonstrates the capacity of the liver to oxidize a considerable amount of propionate to CO2 in the absence of alternative fuels. Prenatal androgenization "masculinized" liver metabolism of propionate, in that CE had a greater ( P < .05) rate of Na-[l-14C]propionate oxidation to C02 and conversion to glucose than either TE or CW. No significant differences were observed in the conversion of Na-[2-l4C1propionate to C02 or glucose, although a pattern similar to that for Na-[l-14C]propionate metabolism was noted. Lyle et al. (1984) observed a similar increase of propionate metabolism in fasted steers and suggested that decreasing the supply of glucogenic substrates increased hepatic enzyme activities; therefore, the efficiency of the utilization of glucogenic substrates increased. For lambs in our study, the gain to feed ratios were similar among treatment groups, but ADG was greater for TE than for CE (Hansen et al., 1995) ; therefore, TE consumed more feed to support the greater ADG. Because propionate production is related to DE intake (Herbein et al., 1978) , less propionate probably was available to CE; decreased propionate availability may have increased activity of hepatic enzymes involved in the metabolism of propionate.
An altered profile of growth hormone secretion, a modified sensitivity of tissues to growth hormone, or alterations in tissue sensitivity to steroid hormones have been proposed as mechanisms responsible for the growth performance advantage of prenatally androgenized ewe lambs (Klindt et al., 1987) . Administration of exogenous growth hormone to lactating dairy cows increased the conversion of Na-[l14Clpropionate to glucose and C 0 2 (Pocius and Herbein, 19861 , in contrast to our data for TE. The greater capacity for propionate metabolism in CE might be a physiological mechanism to compensate for the smaller livers of CE compared with TE or CW (DeHaan et al., 1987; Jenkins et al., 1988; Hansen et al., 1995) ; however, in the present study, liver weights as a percentage of carcass weight did not differ ET AL.
significantly among treatments (3.9, 3.7, and 3.7% for TE, CE, and CW Table 6 , the ratio of [l14Clpropionate-derived C02:[2-14Clpropionate-derived C 0 2 was greatest for CW ( 1091, possibly indicating a more efficient shunting of propionate carbon to gluconeogenesis than either TE ( 6 4 ) or CE (56 1. The glucose:CO2 ratio supports this observation for [2-14C]propionate utilization; the ratios for TE and CE (6.8 and 7.6) tended to be lower than the ratio for CW ( 10.4). Calculated from data reported by Faulkner and Pollock (19861, the glucose:CO2 ratio was 9.6 when isolated sheep hepatocytes were incubated with 5 mM [2-14C]propionate. However, the sex of the sheep was not reported, and the age ranged from 1 to 4 yr. The g1ucose:COz ratios for Na-[l-14Clpropionate were .22, .28, and .30 for TE, CE, and CW, respectively, compared with .37 calculated from Faulkner and Pollock (1986) .
Our data are consistent with a more efficient partitioning of propionate to gluconeogenesis in CW, which may be partly responsible for the more efficient growth of lean tissue in male or castrate animals. The lack of a similar effect for TE suggests that the timing of androgen exposure was not appropriate to sexually differentiate hepatic propionate metabolism in TE.
P-Oxidutioa of Fnfty Acids. Rates of the initial cycle of @oxidation of Na-[l-14Clpalmitate by liver homogenates from lambs are presented in Table 7 . Total oxidation represents the combined contributions of mitochondria and peroxisomes to 0-oxidation. Sex or prenatal androgenization did not affect the capacity for total or peroxisomal first cycle of 0-oxidation of palmitate. Short-term treatment of rats with the steroid precursor DHEA caused mitochondrial and peroxisomal proliferation (Bellei et al., 1992) and increased peroxisomal ,&oxidation (Mohan et al., 1990) . Although ultrastructural changes in hepatocytes from our lambs were not evaluated, the slightly larger livers of TE (Hansen et al., 1995) apparently did not correspond to enhanced rate or total liver capacity for the first cycle of &oxidation of palmitate by peroxisomes. The similarity of these measurements among groups suggests that &oxidation capacity is not a sexually differentiated response. Little is known about the regulation and development of peroxisomal 0-oxidation activity in ruminant (Hansen et al., 1995) , respectively.
animals. Grum et al. (1994) reported that the peroxisomal capacity for first-cycle P-oxidation in liver from lactating dairy cows was approximately 50% of the total capacity for the initial cycle of @-oxidation of palmitate. The peroxisomal contribution to total first cycle of P-oxidation in sheep is consistent with the observations for dairy cows. Although total palmitate oxidation is greater in rats, peroxisomal oxidation represents only 15 to 30% of the total fatty acid oxidation (Kondrup and Lazarow, 1985; Veerkamp and van Moerkerk, 1986) .
Mitochondrial Respiration.
Measurements of mitochondrial respiration generally were not affected by sex or prenatal androgenization (Table 8) . State 3 respiration (characterized as maximal activity with unlimited substrate and ADP supply) and state 4 respiration (activity limited by ADP availability) were similar among treatment groups within each substrate. In contrast, Mohan and Cleary (1989) observed that state 3 mitochondrial respiration in rat liver was inhibited in vitro in the presence of succinate and either DHEA or testosterone. Mitochondria from livers of rats administered DHEA had increased state 3 and state 4 respiration rates in the presence of succinate or glutamate plus malate, both on a per gram of liver and per liver basis (Mohan et al., 1990) . TE = treatment ewe lambs; CE = control ewe lambs; CW = control wether lambs.
bvcMeans within a row lacking common superscript letter differ ( P < .05). Bellei et al. (1992) noted that DHEA administration to rats caused mitochondrial proliferation and transition from expanded to condensed configuration; these configurations are associated with low and high rates of respiration, respectively. Although mitochondrial proliferation was observed, long-term treatment with DHEA caused degeneration of mitochondria; therefore, the proliferative activity may have been a compensatory mechanism to sustain respiration at a certain rate (Bellei et al., 1992) . Brown et al. (1988) The content of mitochondrial protein per gram of liver was not affected by prenatal exposure t o testosterone (Table 8 ). In contrast, mitochondrial protein increased in hepatocytes from rats treated with DHEA (Mohan et al., 1990; Bellei et al., 1992) .
Although mitochondrial proliferation and altered mitochondrial respiration have been observed in rats administered DHEA (Mohan et al., 1990; Bellei et al., 1992) and goats treated with testosterone (Brown et al., 1988) , these measurements were made while the steroids were being administered and no measurements were made after the withdrawal to evaluate the duration of the modifications. If fetal mitochondrial activity or ultrastructure were altered by prenatal androgenization, there may have been reversion to the normal state after removing the testosterone implants from the pregnant ewes. The similarity of mitochondrial measurements between CW and CE, however, suggests that little sexual differentiation occurs in mitochondrial function.
Composition. Contents of lipid, triglyceride, and glycogen in liver were not different among treatment groups (Table 9 ). However, the content of protein in livers of CW was greater ( P c .05) than that in livers of CE; TE were intermediate for this measurement.
Because livers were enlarged by prenatal androgenization (DeHaan et al., 1987; Jenkins et al., 1988; Hansen et al., 19951 , and mitochondrial protein was not affected by sex or prenatal androgenization (Table  81 , there may have been testosterone-dependent hypertrophy of other hepatic organelles or increased cytosolic proteins that contributed to the increased total protein content observed in this experiment. In contrast, increased liver weights of DHEA-treated rats were attributed t o diffuse hypertrophy of hepatocytes, because contents of DM and protein were unaffected by treatment and glycogen content decreased with DHEA treatment (Bellei et al., 1992) .
Conclusions
Prenatal androgenization improved ADG but did not affect feed efficiency or carcass characteristics (Hansen et al., 1995) ; these results were accompanied by minimal alterations of metabolic activities in AT and liver. Our data suggest that maximal masculinization was not achieved for TE in the present study, in contrast to data reported earlier (DeHaan et al., 1987) . The lesser degree of masculinization may be caused by the larger range of gestational ages during which ewes were implanted with testosterone (40 to 70 d ) compared with an earlier study (40 to 60 d; DeHaan et al., 1987) . Changes also may have been more pronounced if all lambs had been fed for a constant length of time or to a common backfat thickness.
Few differences in lipolytic or lipogenic capacities were observed among treatments for either AT site. Lipolytic and lipogenic rates might have been different earlier during the finishing phase or during the growth phase, and differences may have occurred if measured at constant body weight or age of lambs. Ingle et al. (1972a) and Smith et al. (1987) reported that lipogenic rates and activities of lipogenic enzymes decreased with age in growing and finishing lambs.
The lack of plasma glucose response in TE or CW to pre-and post-feeding conditions (Hansen et al., 19951 , combined with decreased incorporation of glucose into fatty acids and glycerol in subcutaneous AT of TE, suggest an insulin insensitivity attributable to prenatal androgen exposure. Whether the changes in capacity for glucose production from propionate in the liver, decreased utilization of glucose for synthesis of lipid precursors in subcutaneous AT, alterations in maximal lipolytic capacity, or altered regulation of lipolysis are factors that contribute to decreased carcass fat deposition in TE or CW need t o be studied in experimental situations where carcass lipid is decreased by prenatal androgen exposure. Studies including intact males may be useful to further delineate the effects of fetal exposure to testosterone on postnatal tissue metabolism. Furthermore, in vitro metabolic activities of subcutaneous and perirenal AT and hepatic tissue represent the metabolic potential in optimal conditions with excess substrate availability. The in vivo rates of glucose and fatty acid metabolism are tightly regulated by numerous homeostatic and homeorhetic mechanisms that merit further considerations in animals prenatally exposed to testosterone.
Implications
Minimal changes of metabolic activities were detected in adipose tissue and liver of prenatally androgenized ewe lambs, which was consistent with the lesser improvements in ADG and feed efficiency and the lack of decrease in carcass fat content compared with earlier studies. Alterations for glucose usage for triglyceride synthesis in subcutaneous adipose tissue, alterations in lipolysis, insulin insensitivity or resistance, and changes in liver metabolism of propionate are factors that potentially may affect performance and carcass composition in prenatally androgenized lambs.
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